An increasing number of studies are being performed in educational research to evaluate new teaching methods and approaches. These Jens Dreyhaupt cluster randomization normally require (significantly) larger sample sizes and more complex methods for calculating sample size. Furthermore, cluster-randomized studies require more complex methods for statistical analysis. The consequence of the above is that a competent expert with respective special knowledge needs to be involved in all phases of cluster-randomized studies. Studies to evaluate new teaching methods need to make greater use of randomization in order to achieve scientifically convincing results. Therefore, in this article we describe the general principles of cluster randomization and how to implement these principles, and we also outline practical aspects of using cluster randomization in prospective, two-arm comparative educational research studies.
Introduction
An increasing number of studies are being performed to evaluate new teaching methods and approaches in educational research, particularly in the field of medicine [1] , [2] , [3] , [4] ; the increase has been particularly noticeable in Germany in recent years [5] . These studies should also comply with recognized standards and methods of scientific research. The methods of clinical studies in drug development are well developed [6] , [http://www.ich.org/ products/guidelines/efficacy/article/efficacy-guidelines.html], and the procedure is standardized worldwide to ensure that meaningful study results are achieved. These standards should therefore be established and applied as far as possible also in educational research studies. In addition to being important for observational studies, these standards are relevant mainly for prospective two-arm (intervention) studies that aim to compare two different teaching methods. Studies in clinical research require a control arm that is statistically comparable to the test arm (structural equivalence) in order to prove the efficacy or superiority of a treatment. Randomization ensures that all confounders -known and unknown -are distributed equally across the control and test arms and that only random differences, if any, are present at the start of treatment [7] . In the context of clinical studies, randomization does not mean that the patient is simply assigned to a treatment without any obvious criterion, but that a random experiment is formally performed that is independent of the participating clinician. If any other procedure is used to allocate volunteers or patients to the control and test arms, systematic distortions of the results are likely. Randomization is also an accepted method for educational research studies [8] .
Educational research studies have some features and special requirements that are relevant for randomization. One of these features is that it is often not meaningful or possible to randomize individual students, for example because students are not always available as a result of their individual semester schedules. Furthermore, studies are usually performed in the natural learning situation of teaching in groups, such as joint lectures or seminars supervised by a lecturer. As a consequence of the above, in educational research studies it makes sense and is necessary to randomize whole groups (cluster randomization) rather than individual students. In order to obtain scientifically convincing results in the sense of "evidence-based didactics," educational research needs to make more use of randomization in studies to evaluate new teaching methods and approaches. To help increase the use of randomization, this paper describes the principles of cluster randomization and explains practical aspects in order to facilitate its use in prospective, two-arm comparative studies in educational research. The first section presents the rationale of randomization. Subsequently, the distinctive features of scientific studies in educational research are discussed. The third section first describes the principles of cluster randomization and then discusses sample size calculation and approaches to analysing cluster-randomized studies, both of which differ from those of studies with individual randomization. Finally, a sample design for an educational research study with cluster randomization is presented as an example of its application.
The reason for randomization: structural equivalence
In order to show why randomization is necessary, we will first explain some concepts that are relevant to educational research studies. Necessity of a control arm: In educational research, if a new method is used in a study with only one study arm (test arm), one cannot rule out that an observed effect could have arisen also without the new method. Thus, not all observed results in the test arm can be attributed to the new method. The efficacy of a new method only becomes evident if the specific result is better with this method than without it [9] . Therefore, to obtain proof of efficacy a control arm, in which the previously used method is applied, is essential. Statistical comparability: Ensuring that differences in results observed when comparing the control and test arms really can be attributed only to the new method requires statistical comparability of the following:
1. the structure of the control and test arms (structural equivalence); 2. the interactions with students, with the exception of the specific new method being evaluated (equivalence of treatment conditions); and 3. the observations (equivalence of observations).
In this context, "statistically comparable" means that the control and test arms differ as little as possible and at the most by chance. Structural equivalence: Structural equivalence is given when the composition of the test and control arms is statistically comparable with respect to potential so-called "confounders" [10] . Examples of such confounders are age and gender, which often influence results. In educational research, additional factors are personality factors, such as educational background and special skills, as well as interests and activities. Randomization is one approach to achieve structural equivalence. Random allocation of students to the control or test arm allows one to achieve a similar distribution of known and unknown confounders across both arms, or at least to assume that it has been achieved. In addition, stratification can be used to balance (a few) important known confounders between the control and test arms (see Section 4.2); however, the feasibility of stratification is limited in educational research.
Equivalence of treatment conditions and observations:
Equivalence of treatment conditions is achieved if all students in all groups receive and experience the same treatment conditions, apart from the new method being assessed. These treatment conditions (e.g. the same time for seminars, the same conditions for written examinations) should be specified in as much detail as possible in a study protocol -which should be written also for educational research studies -so that when the results are interpreted it is clear "what" was compared and under what conditions the observed effect arose. The control and test arms are considered to have "equivalence of observations" when situations are always observed and assessed according to the same rules (standardized conditions), e.g. the same evaluators are used to grade examinations. In clinical research, one procedure to achieve equivalence of treatment conditions and observations is the masking (blinding) of participants and investigators as to the treatment being received. In educational research studies, however, blinding is usually not possible and is only conceivable for evaluations, e.g. results in problem-based learning (PBL) can be evaluated by independent people who are not involved in the study.
If an educational research study has the above mentioned characteristics and if the success in the test arm is that much greater than in the control arm that the difference cannot be a coincidence, the study has shown that only the new method can be responsible for the outcome. However, if the control and test arms differ in other respects (i.e. they do not have structural equivalence or equivalence of treatment conditions or observations), the findings are difficult to interpret because an observed effect can no longer be exclusively attributed to the new method (blended effects). In such a situation, the specific effect of the new teaching method cannot be calculated and the study results usually cannot be interpreted according to the study question. Consequently, randomiza-tion is an important instrument to achieve structural equivalence in studies of the efficacy of new methods in educational research.
Conditions and requirements of educational research studies
Educational research studies take place in a special context. They usually face a natural cluster structure, because teaching is usually performed in groups of students. Examples are seminar groups, PBL groups, and groups of students attending a joint lecture. The group size varies greatly and ranges from 5-8 (PBL groups) to over 100 students in a joint lecture. The size of seminars varies, whereas in Germany one can assume because of legal specifications that in medicine a seminar group has up to 20 students [http://www.gesetze-im-internet.de/_ appro_2002/index.html]. All students within a group are exposed to the same conditions, such as the same teacher or the same facilities and times. Consequently, the intervention being studied (e.g. the use of a new teaching method by the lecturer) takes place at the level of the whole group. Thus, the outcomes of students in the same group are usually more similar than those of students in different groups. Furthermore, in addition to students' individual semester schedules an additional aspect to be considered in educational research studies is the time availability of appropriate resources (such as lecturers, seminar rooms, laboratories, lecture halls, computer pools). Also, if the number of students is limited and the group size is predefined, then a limited number of possible groups is available for a particular study. The above mentioned aspects mean that individual randomization can hardly be used in educational research studies, but that cluster randomization is meaningful and feasible. In cluster randomization, student groups or lecturers (who supervise groups of students) are randomized to the test and control arms, whereby the special characteristics mentioned above have to be taken into account. Various outcome variables are conceivable in educational research studies:
• Evaluation results (e.g. student satisfaction, self-assessment of the achieved competence) • Results of course assessments/examinations (level of competence achieved) • Measurement of the necessary learning effort (e.g. tracking of study time) • Accompanying effects of studying the learning material (e.g. motivation curves, enthusiasm for the topic, awakening of interest, career planning)
In the following, we consider metric outcome variables (e.g. examination scores), which are assumed to be approximately normally distributed. We do not cover binary outcome variables (e.g. passed: yes/no) in this paper because studies examining such variables usually require a significantly larger sample size and are thus almost impossible to conduct in the field of educational research.
Cluster randomization and its use in educational research
The following sections explain the principles of cluster randomization and how they can be applied in the field of educational research. Furthermore, they provide information about study implementation, sample size calculation, and statistical analysis.
Definition and motivation
In a cluster-randomized study (also called a "group-randomized study," "community randomization study," or "community intervention study"), entire social groups or clusters of individuals are randomized, rather than individuals (see Figure 1 ). To date, this type of study has been performed particularly to evaluate non-therapeutic interventions, such as training programs, prevention programs, and health promotion measures. For the reasons mentioned in the last section, it seems to make sense to use cluster-randomized studies also in the field of educational research. Published cluster-randomized studies include studies with both small and large clusters: clusters are defined frequently by households, families, neighborhoods, municipalities, school classes, employers, hospitals, and doctors' practices. Thus, the number of individuals per cluster can range from 2 to several thousands. Various cluster sizes are also conceivable in educational research (see Section 3). The main motivation for conducting a cluster-randomized study is wanting to avoid or reduce a contamination bias. If individual randomization was used in an educational research study, such a bias (distortion or systematic error) could be caused by interactions between individuals in different study arms. For example, if students in the control arm were individually randomized they could easily be encouraged by students in the test arm to carry out the specific methods of the test arm whose efficacy is being tested. Cluster randomization does not entirely eliminate this risk, however, but only reduces it. The widespread use of social media, such as Facebook, plays a role in contamination bias in educational research studies. Another important reason for the use of cluster randomization in educational research is the existence of natural clusters, because learning is usually done in groups (see Section 3). Table 1 presents important advantages and disadvantages of cluster randomization in the context of educational research.
Designs
In cluster-randomized studies, a distinction can be drawn between a completely randomized design, a stratified randomized design, and a matched design. In a completely randomized design, the clusters are assigned randomly to the groups and are neither stratified nor matched. An example is an educational research study in which seminar groups are randomized into either the test arm or the control arm. In the stratified randomized design, randomization is stratified on the basis of (a few) important known confounders so that the distribution of the confounders is similar in the test and control arms. Stratification is performed according to factors that are strongly associated with the outcome variables, such as cluster size, gender, or day. An example is an educational research study in which the day on which a seminar takes place is assumed to influence the outcome variable (i.e. it is a confounder). In this case, stratification can first be performed according to the day (e.g. Monday/Wednesday/Friday) and then seminar groups can be randomized into either the test or the control arm within each day. In this way, the confounder "day" is distributed almost equally across both arms. In the matched design, pairs of clusters are formed that are as similar as possible with respect to important factors that affect the outcome variable. One cluster of the pair is randomized to the test arm and the other to the control arm. This represents a good way to balance confounders (e.g. characteristics from the baseline evaluation, such as gender, semester, previous grade) between the two arms and thus to make the arms comparable. Not too many criteria should be used for the matching, however, because it may then become impossible to find a cluster that can form a pair with another. As a result of the conditions and requirements described in Section 3 (specifications for cluster size; limited number of students and consequently limited number of clusters; availability of resources; individual semester schedules), educational research studies often can be assumed to have a relatively small number of clusters with a more or less fixed cluster size. In this context, stratified and matched designs are probably only feasible under special conditions. An example would be a multicenter study conducted at different institutions. For this reason, the completely randomized design will prevail in educational research.
Practical implementation
Educational research studies usually have to be reported to the responsible ethics committee. However, often it is not necessary to obtain written informed consent from the participating students and sufficient just to inform them about the study [11] . Inclusion and exclusion criteria must be defined at both the individual level (students) and the cluster level (teachers). One problem is that blinding usually is not possible in educational research studies. Consequently, there is a risk of bias in the outcome variable. This risk should be countered by measures to achieve equivalence of treatment conditions and observations. Examples are a strong standardization of the general approach and perhaps a blinded assessment of the outcome, e.g. by a third evaluator who is not involved in the study and who has no knowledge of the respective student's assignment to the test or control arm. Cluster randomization generates a special data structure, whereby observations within the clusters usually are more similar than observations from different clusters (i.e. there is statistical dependence). In the context of educational research studies, this means that the results of students within the same seminar group (e.g. grades in the written exam) are more similar than the results of students in different seminar groups. This results in a loss of efficiency and power, which affects sample size calculation: the effective sample size of a cluster-randomized study (i.e. the number of truly statistically independent individual observations) is lower than the actual sample size (i.e. the number of recruited students). Therefore, standard procedures that assume the statistical independence of all observations are unsuitable for calculating sample size for cluster-randomized studies and evaluating data from these studies. The use of standard procedures to calculate sample size would lead to studies with too little power in which the chance of proving a difference between the study arms that is actually present would be (significantly) lower than assumed in the calculation.
In educational research, this may result in a new teaching method that is actually better not being recognized as such by the study, for example.
Determination of similarity -the intracluster correlation coefficient (ICC)
The intracluster correlation coefficient (synonym: intraclass correlation coefficient, ICC; ρ) is used to quantify the similarity of observations within a cluster compared with observations from different clusters. The ICC can be defined in various ways [12] ; for metric outcome variables, it is often defined as a quotient of variances [13] , [14] : whereby is the variance between the clusters, the variance within the same cluster, and the total variance. This definition allows the ICC to be interpreted as the share of the total variance accounted for by the variance between the clusters, assuming that the variance is constant in each cluster. With this definition, the ICC can take values between 0 and 1. Its size is a measure of the strength of the similarity of the observations within the cluster compared with the similarity of the observations between the clusters. If the ICC is 1, the observations within each cluster are the same. In the context of educational research studies this would mean, for example, that in each seminar group all the students have the same examination grade (but not necessarily that all seminar groups in the study have the same grade). The ICC has the value 0 if all observations are statistically independent. In the case of educational research studies, this would mean, for example, that the students' examination grades within the same seminar group are not dependent, i.e. the seminar group has no influence on the examination grades. Estimating the ICC a priori is often a challenge. The ICC can be calculated from data from a pilot study or from the literature, for example. Therefore, publications of cluster-randomized studies should include the post hoc calculation of their ICC, so that it is available for similar studies [15] , [16] . Furthermore, the ICC is only an estimate from a sample and thus subject to uncertainty (confidence interval [17] ). This is of particular importance for educational research studies because often only small studies with few clusters can be performed, so that the ICC cannot be reliably estimated. In addition, different calculation methods can influence the value of the ICC. An overview of ICC calculation methods suitable for metric outcome variables is given in [18] . For binary outcome variables, corresponding methods are available in [19] and [20] .
The design effect (DE)
In order to achieve the same power in a cluster-randomized study as in a study with individual randomization, usually more individuals have to be recruited in the former. The sample size required for a cluster-randomized study is calculated by multiplying the sample size of a study with individual randomization with the design effect (DE), which is calculated from the ICC ρ and the fixed cluster size m:
The result is a total sample size and subsequently a number of clusters (with fixed cluster size) for a given power. For educational research studies, this means that initially a total number of students is calculated and then, on the basis of this, the number of seminar groups (with fixed group size m). If cluster sizes are unequal, m can be replaced by the arithmetic mean or by the maximum cluster size. The use of the arithmetic mean of the cluster size is useful when there is little variability in cluster size [12] ; the use of the maximum cluster size is a conservative approach. If the ICC is ρ=0 (statistical independence of the observations, see above), DE=1, which means that the cluster-randomized study has the same sample size as a corresponding study with individual randomization. In this case, the formation of clusters has no influence on the sample size. In practice, most ICCs are between 0.00 and 0.20, although there is a very wide range [21] .
Procedure for calculating sample size
In general, two approaches can be considered when planning a study. One is an exploratory approach in which a minimum effect can be calculated for the given maximum sample size with a given power and cluster size or a power can be calculated for a given minimum effect and cluster size [22] . This is particularly useful when only a limited number of observations are available. Figure 2 shows the schema for calculating the power or minimum effect for a given sample size in educational research studies. The other is a confirmatory approach: a sample size (i.e. the number of students and a resulting cluster number) is calculated for a given power and a predetermined Figure 3 shows the schema for calculating sample size in educational research studies with a given power and minimum effect. However, because of the special conditions in educational research (limited number of students and therefore of clusters and a given cluster size, see above and Section 3) confirmatory studies often cannot be implemented. If additional covariates are to be included in the planning of a cluster-randomized study, the definition of the ICC can be expanded according to [14] . Simulation is another option, especially for complex study designs (e.g. if several covariates are to be considered in a longitudinal design, presence of additional hierarchical levels) (e.g. [23] , [24] , [25] , [26] ).
Statistical Analysis
In order to take into account the statistical dependencies within the clusters (in educational research studies, an example would be the dependence of examination results of students in the same seminar group), a cluster adjustment has to be performed during the analysis [12] . A socalled "naive analysis" (cluster adjustment is not performed; standard methods are applied, such as a twosample t-test) can result in the estimated confidence intervals and p values being too small [27] , [28] . In educational research studies, this would result in studies being falsely reported as significant and thus new teaching methods appearing to be better than they actually are. The methods used to plan a study should also be used to analyze it [23] , [28] , whereby the methods depend on the study design (see above). In the statistical analysis, a distinction can be made between the analysis at the cluster level and at the individual level [28] , [13] . Because of the complexity of the statistical methods, the support of a competent expert (e.g. statisticians with appropriate special knowledge) is recommended in particular for the analysis. Almost all medical faculties in Germany that have a medical or dental school are connected with methodically versed institutes (such as biometry departments), which could provide expertise accordingly. Cluster-level analysis is the simplest evaluation method for a cluster-randomized study and can be viewed as a two-step process: initially, a composite measure (clusterlevel summary) is calculated for each cluster (first stage), and then the composite measures are compared with a suitable statistical test (second stage), see e.g. [16] . In educational research studies, for example, the mean cluster values (e.g. the mean grade in each seminar group) can be used in the analysis (e.g. ordinary two-sample t-test) instead of the students' individual results. Covariates can be considered in a simplified way via regressions [13] . Analysis at the cluster level is robust, especially if the number of clusters is small, but has the disadvantage that it does not take into account the variability within the clusters. An alternative is to adjust univariate test statistics (e.g. the t value in the t-test) by considering the design effect, whereby the individual results may be evaluated as being statistically independent [15] , [29] . Individual-level analysis is an alternative approach that is especially relevant for strongly varying cluster sizes, a situation in which cluster-level analysis is less efficient. The adjusted two-sample t-test is one simple statistical procedure that also allows an analysis to be performed at the individual level [28] . If additional covariates are to be considered, regression models with random effects, mixed effects regression models, or generalized estimating equations (GEE models) can be applied. These approaches also allow factors to be considered as potential influencing variables in the event that stratification was not possible during cluster randomization, even though known prognostic factors were present. The use of one of these approaches has advantages over using clusterlevel analysis methods because the effects of covariates can be examined on the same level as the effect of the study arm (as a regression coefficient with a confidence interval and p value). Individual-level analysis methods have the disadvantage, however, that they are less robust when there is a small number of clusters. One recommendation, therefore, is to use cluster-level analysis methods if there are fewer than 15 to 20 clusters per study arm [13] . In studies with a larger number of clusters, individual-level analysis methods can have advantages, especially if cluster size is highly variable.
Reporting
The CONSORT Statement was developed for the reporting of randomized clinical trials but has been extended to cluster-randomized studies by Campbell et al. [30] . The extended CONSORT statement considers the special characteristics of a cluster-randomized study and should be considered when publishing such a study. The stipulations include the following:
• Describe the reasons for using cluster randomization • Name the unit of randomization and the intervention • In addition to the number of individuals, state the number of clusters and their size • Show structural equivalence not only at the individual level but also at the cluster level • Calculate and report the ICC (see above)
• Analyze the drop-outs on both the individual and the cluster level • Draw a flowchart to show the number of study participants and clusters in the course of the study
Example of application
In this section, we will use an example to outline the planning, implementation, and analysis of a cluster-randomized study in educational research. The example is based on the NANA study [31] , which is used to illustrate studies in clinical research. The study is conducted as a two-arm, prospective observational study and compares people with a sweet tooth ("NAschkatzen" in German) with people who like to nibble ("NAgetiere" in German) with regard to parameters such as the body mass index. The name of the study also is of relevance to Ulm University, which has a large NANA statue in front of it (see Figure 4 ). The example cluster-randomized study is supposed to evaluate whether the use of a new "active seminar concept" (as part of the NANA study) influences the test results in the biometry education of medical students. The "active seminar concept" (planning, implementation, and analysis of a small empirical study during the seminar) is to be compared with the previous standard concept (working on practice exercises in the form of a "classical seminar"). For the study (balanced, prospective, clusterrandomized), whole seminar groups are to be randomized to either a test arm ("active seminar concept") or a control arm ("classical seminar"). The study is to be carried out at the medical faculty of Ulm University during a winter semester.
A maximum total of about 320 students can be assumed. The students are supervised in seminar groups, each with one lecturer and approximately 20 students. This results in a maximum number of 16 clusters (i.e. seminar groups) in the overall study (i.e. 8 clusters per study arm), making it a smaller study [32] . Figure 5 shows a possible result of the cluster randomization for the example study. The primary outcome variable is the number of points achieved in the examination, assessed for the individual students (i.e. on the individual level). Because the composition of the groups plays a role, in addition to the influence of the lecturer, we can assume that the examination results of the students in the same seminar group are more similar than the results of students in different seminar groups. The outcome variable is assumed to be metric and approximately normally distributed.
Pilot data: The results of the cohort from the winter semester 2015/2016 are available as pilot data: an arithmetic mean of 92.5 points (maximum score: 120) was determined with a standard deviation of 9.16 points (see Table 2 ).
The results of the pilot data are used for the control arm. For the test arm, the score is assumed to improve by a mean of 3 points (i.e. from 92.5 to 95.5). The ICC for the outcome variable "points" was estimated by a linear mixed effects regression model [12] : the model fit resulted in the variances = 1.67 and = 82.36, so that the ICC is estimated to be ρ=1.67/(1.67+82.63)=0.02. The design effect (DE=1+ρ·(m-1)) is thus calculated as DE=1+0.02· (20-1)=1.38, whereby m represents the mean cluster size (here: number of students per seminar group; m=20). Study planning: Both of the approaches mentioned in Section 4.4 (exploratory and confirmatory approaches) will be applied below to calculate the sample size for the example study. Exploratory approach: Calculation of the power or minimum effect for a particular sample size The implementation of steps 1 to 4 of the schema shown in Figure 2 is described below for the example study. Assuming a maximum number of 320 students per semester, a maximum of 16 clusters (seminar groups with 20 students each) are possible in the planned study. For a design effect of 1.38 (calculation: see above), the maximum number of 320 students in the cluster-randomized study corresponds to an effective sample size of a maximum of approximately 320/1.38~232 students (even number because of 1: 1 randomization) in a study with individual randomization (i.e. 116 students per study arm). For this sample size, in order to achieve a power of 80% with a two-sided type 1 error of 5% the two-sample t-test requires a minimum difference of 3.4 points (with a standard deviation of 9.16), which corresponds with an effect size of 0.37 according to Cohen (small effect). If a difference of 3 points is assumed (original planning), a two-sided type 1 error of 5% will achieve a power of only 70% (with a given standard deviation of 9.16). Table 3 shows the impact of different sizes of the ICC on the minimum effect and power. The calculations were performed with the two-sample t-test, assuming the same variances in both arms. The planning and implementation of the example study on the basis of this exploratory approach is pragmatic. This approach often appears to be more realistic than the confirmatory approach, because the latter often results in unfeasibly high sample sizes. Confirmatory approach: Calculation of the sample size for a given power and minimum effect The implementation of steps 1 to 5 of the schema shown in Figure 3 is described below for the example study. The outcome variable is assumed to be metric and approximately normally distributed. For the test arm, the score is assumed to change by a mean of 3 points (i.e. from 92.5 to 95.5, see above). The calculations are performed with the two-sample t-test, whereby the same variances are assumed in both arms (9.16, see above). For sample size calculation, a power of 80% and a type 1 error of 5% (twosided) are assumed. First, this information is used to calculate the sample size for a study with individual randomization (e.g. [12] ): the calculation shows that a total of 148 students per study arm (296 students in total) would have to be included in a study that randomizes individuals (i.e. does not consider the clustering). This number now has to be corrected by the design effect (DE=1.38, calculation see above): this correction indicates that 148·1.38~205 students would have to be included in each study arm (total study: 409 students, which would mean a total of approximately k=21 seminar groups). Table 4 shows the impact of the size of the ICC and seminar groups on the total sample size and the number of seminar groups for the above mentioned effects of the example study. The total sample size was rounded to the nearest whole number, and the number of seminar groups was rounded to the nearest even number because the example study will use a 1:1 randomization. This ap- Table 3 : Impact of the size of the intracluster correlation coefficient (ICC) on the minimum effect (a) and power (b) for a predefined number of 320 students in 16 seminar groups with 20 students each. ESS = effective sample size (italics = study situation) Table 4 : Impact of the size of the intracluster correlation coefficient (ICC) and the size of the seminar groups on the total sample size and the number of seminar groups in the overall study (italics = study situation)
proach results in a higher actual total sample size than the total sample size given in the column N tot , which means that the power reaches values higher than 80%. Because of the given framework conditions (maximum of 320 students, seminar group size m=20), it would not be possible to complete the study in one semester. However, it would not be advisable to perform the study over several semesters or as a multicenter study because of the considerable differences between different academic years (students and lecturers, other framework conditions) and universities. Consequently, a confirmatory study is not realistic in this setting. In such a situation, the exploratory approach therefore appears to be advisable, i.e. calculation of power or minimum effect for a fixed given sample size. A modification of the design would be the use of a stratified cluster randomization by weekday (Tuesday, Thursday, Friday).
Statistical analysis: Because the study is rather small and has a small number of clusters and because the cluster size is almost constant, cluster-level analysis is recommended (see Section 4.5). One option to perform such an analysis would be to calculate cluster mean values from the study results and use the two-sample t-test.
Further examples with practical examples of analyses of cluster-randomized studies are given in [30] , [32] , and [33] .
Discussion and recommendations
In addition to studies with other designs (e.g. observational studies), prospective two-arm (intervention) studies are frequently used in educational research to compare different teaching methods. These studies should adhere to recognized standards and methods of scientific research, in particular the presence of a control arm and the achievement of statistical equivalence (i.e. structural equivalence -achieved by randomization and possibly stratification -and equivalence of treatment conditions and observations). Unless there is a legitimate reason not to do so, comparative scientific studies should no longer be performed without a control arm. Quasi-experimental studies with a control arm but without randomization should also be avoided. A major criticism of the results of such studies is the lack of structural equivalence combined with the risk of confounded effects. The best approach to avoid such problems is to assign the study participants to the study arms randomly, by either individual or cluster randomization. Because of the advantages of randomization, if at all possible the extra effort should be made, especially because the effort required to perform randomization is small compared with the effort associated with the entire study: the implementation of a study usually requires many resources, whereas randomization requires comparatively few. However, randomization results in large gains in the interpretability and validity of the study findings. Compared with studies from other fields, however, studies in educational research have some special conditions and requirements that affect their planning, implementation, and analysis. Because of the existence of natural clusters, cluster randomization usually is the only option to perform randomization if there is a limited number of students and a given approximately constant cluster size. Furthermore, the time-and location-related availability of different resources, such as lecturers, seminar rooms, laboratories, lecture halls, and computer pools, must be considered. When calculating sample size, it is necessary to take the cluster structure into account because the outcome is more similar among students within a cluster (e.g. within seminar groups) than among students from different clusters (e.g. different seminar groups). Depending on the strength of this similarity (measured by the ICC), in cluster-randomized studies the sample size required to achieve a certain power can be significantly higher than the sample size of a corresponding study with individual randomization. For this reason, i.e. because of their limited maximum sample size, many studies in educational research have only exploratory character (for reasons of feasibility). Structural equivalence is particularly important so that differences found in the study can be attributed to the method being studied. When performing the statistical analysis of cluster-randomized studies, one should also ensure that an adequate statistical methodology is being used that gives appropriate consideration to the dependencies resulting from the cluster structure. Because of the complex statistical methods required in all phases of a cluster-randomized study, support from a competent expert with appropriate specialist knowledge is recommended during the practical implementation of such studies. Such experts may be scientific staff at biometric institutions, for example, which are part of most universities with a medical faculty. In addition to the disadvantages mentioned in Table 1 , compared with studies with individual randomization studies with cluster randomization have a higher risk of not achieving structural equivalence at the individual level, which may jeopardize the internal validity. Another reason to critically scrutinize internal validity is that cluster-randomized studies usually are not blinded [12] . Consequently, an adjustment for the unequally distributed characteristics must be made during the statistical analysis, e.g. by a suitable regression method [12] , [13] . As with all clinical studies, even if cluster-randomized studies have internal validity external validity can only be established heuristically. This is probably more difficult in educational research studies than in clinical studies because the conditions at the various teaching institutions are so different. Because of the larger sample sizes and the more complex methodology, one should consider at the planning stage of educational research studies whether a cluster randomization is justified and necessary [34] . Finally, the following recommendations summarize important measures that take clusters into account and ensure the quality of prospective, two-arm studies in educational research:
1. Teaching is usually performed in groups of students, so that a natural cluster structure is given and cluster randomization is the most appropriate approach. 2. Attention must be paid to cluster randomization during study design, sample size calculation, analysis, and reporting. 3. A cluster-randomized study should not include too few clusters, i.e. no fewer than 8-10 [32]. 4. In the case of very few or very different clusters, it may make sense to match clusters. 5. Blinding usually is not possible. The use of outcome variables that are as objective as possible and a blind assessment, for example the evaluation of PBL outcomes by independent people who are not participating in the study, is therefore recommended and serves to improve the internal validity. 6. As far as possible, structural equivalence should be maintained by creating the same conditions for the groups, for example the same times and seminar rooms for the study arms being compared.
On the basis of our experience and the arguments presented here, we recommend the use of control arms and suitable randomization in prospective, two-arm comparative educational research studies in order to achieve good and convincing results also in studies in this field. Cluster randomization can be a crucial building block in this context, and therefore it should be increasingly used in educational research studies. 
Bedingungen und Anforderungen an Studien in der Lehrforschung

Cluster-Randomisierung und ihre Anwendung in der Lehrforschung
In den folgenden Abschnitten wird das Prinzip der ClusterRandomisierung erläutert und auf den Bereich der Lehrforschung angewendet. Weiterhin werden Informationen zu Studiendurchführung, Fallzahlplanung und Auswertung gegeben.
Definition und Motivation
In einer cluster-randomisierten Studie (engl. cluster randomised trial, Synonyme: "group randomised trial", "community randomisation trial", "community intervention trial") werden komplette soziale Gruppen oder Cluster von Individuen, anstelle von einzelnen Individuen, randomisiert, siehe Abbildung 1. Studien dieses Typs findet man bisher insbesondere bei der Untersuchung nicht-therapeutischer Interventionen, wie z. B. der Bewertung von Schulungsprogrammen, Präventionsprogrammen oder Maßnahmen zur Gesundheitsförderung. Aus den im letzten Abschnitt genannten Gründen erscheint die Verwendung cluster-randomisierter Studien auch im Bereich der Lehrforschung sinnvoll. Unter publizierten cluster-randomisierten Studien finden sich sowohl Studien mit kleinen als auch Studien mit großen Clustern: Häufig werden Cluster über Haushalte, Familien, Nachbarschaften, Gemeinden, Schulklassen, Arbeitgeber, Krankenhäuser oder Praxen niedergelassener Ärzte defi- 
Praktische Durchführung
Studien in der Lehrforschung sind in der Regel bei der Ethikkommission anzuzeigen. Es ist oft allerdings kein schriftliches Einverständnis der beteiligten Studierenden erforderlich, lediglich eine Aufklärung [11] . Ein-und Ausschlusskriterien müssen sowohl auf Individualebene (Studierende) als auch auf Cluster-Ebene (Lehrende) definiert werden. Problematisch ist, dass bei Studien in der Lehrforschung meist keine Verblindung [15] , [16] . Weiterhin ist der ICC nur eine Schätzung aus einer Stichprobe und somit mit Unsicherheit behaftet (Konfidenzintervall [17] ). Dies hat besonders für Studien in der Lehrforschung Bedeutung, da hier oft nur kleine Studien mit wenigen Clustern durchgeführt werden kön-nen, bei denen der ICC nicht zuverlässig geschätzt werden kann. Darüber hinaus können unterschiedliche Berechnungsverfahren Einfluss auf den Wert des ICC haben. Eine Übersicht über für metrische Zielgrößen geeignete Berech-nungsverfahren des ICC gibt [18] . Für binäre Zielgrößen sind entsprechende Methoden in [19] und [20] verfügbar.
Der Designeffekt (DE)
Um in einer cluster-randomisierten Studie die gleiche Power wie in einer individuell randomisierten Studie zu erreichen, müssen in der cluster-randomisierten Studie in der Regel mehr Individuen rekrutiert werden. Die für eine cluster-randomisierte Studie notwendige Fallzahl ergibt sich aus der Fallzahl für die individuell randomisierte Studie durch Multiplikation mit dem Designeffekt (DE), der aus dem ICC ρ und der festen Clustergröße m berechnet wird: DE = 1+ρ·(m-1) Das Ergebnis ist eine Gesamtfallzahl und eine sich daraus ergebende Anzahl von Clustern (mit fester Clustergröße) für eine vorgegebene Power. Für Studien in der Lehrforschung bedeutet dies, dass zunächst eine Gesamtanzahl Studierender berechnet wird und daraus anschließend eine Anzahl an Seminargruppen (mit fester Gruppengröße m). Bei ungleicher Clustergröße kann m ersetzt werden durch das arithmetische Mittel oder durch die maximale Clustergröße. Die Verwendung des arithmetischen Mittels der Clustergröße ist sinnvoll, wenn nur wenig Variabilität in der Clustergröße besteht [12] , die Verwendung der maximalen Clustergröße ein konservativer Ansatz. Bei einem Intracluster-Korrelationskoeffizienten von ρ=0 (statistische Unabhängigkeit aller Beobachtungen, siehe oben) ist der Designeffekt DE=1, was bedeutet, dass die clusterrandomisierte Studie dieselbe Fallzahl wie die entsprechende individuell randomisierte Studie hat. Die Bildung von Clustern hat in dem Fall keinen Einfluss auf die Fallzahl. In der Praxis liegt die Größenordnung der meisten ICC zwischen 0.00 und 0.20, wobei eine sehr große Spannweite besteht [21] .
Vorgehensweisen bei der Fallzahlplanung
Allgemein können bei der Studienplanung zwei Herangehensweisen betrachtet werden. Zum einen kann im Rahmen eines explorativen Ansatzes für die gegebene maximale Fallzahl bei gegebener Power und Clustergröße ein Mindesteffekt oder bei gegebenem Mindesteffekt und Clustergröße eine Power berechnet werden [22] [24] , [25] , [26] ).
Auswertung
Um die statistischen Abhängigkeiten innerhalb der Cluster zu berücksichtigen (bei Studien in der Lehrforschung: z. B. Abhängigkeit von Klausurergebnissen von Studierenden in derselben Seminargruppe), muss bei der Auswertung eine Cluster-Adjustierung durchgeführt werden [12] . Eine sogenannte "naive Analyse" (Cluster-Adjustierung bleibt unberücksichtigt; Anwendung von Standardverfahren wie beispielsweise Zweistichproben-t-Test) kann zur Schätzung von zu kleinen Konfidenzintervallen und pWerten führen [27] , [28] . Für Studien in der Lehrforschung hätte dies zur Konsequenz, dass falsch signifikante Studien berichtet und damit neue Lehrmethoden als vermeintlich besser dargestellt würden. Die im Rahmen der Studienplanung angewendeten Methoden sollten auch zur Auswertung genutzt werden [23] , [28] , wobei die Methoden vom Studiendesign (siehe oben) abhängen. Bei der statistischen Analyse kann zwischen der Analyse auf Cluster-Ebene oder auf Individuen-Ebene unterschieden werden [28] , [13] . Wegen der sehr komplexen statistischen Methoden ist insbesondere für die Auswertung die Unterstützung durch einen kompetenten Experten (z. B. Statistiker mit entsprechenden Spezialkenntnissen) empfehlenswert. In Bezug auf die human-/zahnmedizinische Lehre sind an fast allen Medizinischen Fakultäten in Deutschland methodisch versierte Institute (z.B. Biometrie-Abteilungen) angebunden, die hierbei entsprechend ihre Expertise einbringen könnten. Die Analyse auf Cluster-Ebene ist die einfachste Auswertemethode einer cluster-randomisierten Studie und kann als zweistufiger Prozess angesehen werden: Zunächst wird für jedes Cluster ein Summenmaß berechnet (erste Stufe), welches dann mit einem geeigneten statistischen Test verglichen wird (zweite Stufe), siehe z. B. [16] . In Studien in der Lehrforschung können beispielsweise anstelle der individuellen Ergebnisse der Studierenden die Clusterdurchschnittswerte (z. B. die Durchschnittsnote für jede Seminargruppe) in der Analyse (z. B. gewöhnlicher Zweistichproben-t-Test) verwendet werden. Eine vereinfachte Berücksichtigung von Kovariaten ist über Regressionen möglich [13] . Die Analyse auf Cluster-Ebene ist robust insbesondere bei kleiner Clusteranzahl, hat jedoch den Nachteil, dass die Variabilität innerhalb der Cluster unberücksichtigt bleibt. Eine Alternative besteht in der Anpassung univariater Teststatistiken (z. B. T-Wert beim T-Test) mit dem Designeffekt, wobei die individuellen Ergebnisse als statistisch unabhängig ausgewertet werden dürfen [15] , [29] . Die Analyse auf Individuen-Ebene bietet speziell bei stark variierenden Clustergrößen eine Alternative, da die Analyse auf Cluster-Ebene in dieser Situation nicht so effizient ist. Ein einfaches statistisches Verfahren, welches auch eine Analyse auf Individuen-Ebene bietet, ist der adjustierte Zweistichproben-t-Test [28] 
